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THE OXIDATIVE COUPLING OF PHENOLS CATALYZED BY SOLUBLE 
COPPER-POLYMER COMPLEXES_ 
THE ACTIVE ROLE OF THE POLYMER CHAIN DURING ACTIVATION 
OF THE SUBSTRATE-CATALYST COMPLEXES 
A_ J_ SCHOUTEN. D_ NOORDEGRAAF, A_ P. JEKEL and G. CHALLA 
Laboratory of Polymer Chemistry. State Uniuersity of Groningen, Groningen 
(The Netherlands) 
(Received February 10.1978) 
The kinetics of the oxidative coupling of 2,6_dimethylphenol and 
2,6&phenylphenol was studied using a catalyst consisting of copper(I1) 
chloride and polystyrene partially substituted with dimethylaminomethyl 
ligand groups_ The polymers were not covalently crosslinked and were com- 
pletely soluble in the reatition mixture_ At an amino-nitrogen to copper 
ratio of 1 the reaction rate depended on the degree of substitution. (Y, of 
the polystyrenes. This effect was explained in terms of activation para- 
meters obtained from the temperature dependence of the rate constant 
for the electron transfer step, It appeared that the polymer chain plays an 
active role in the activation process merely by increasing the entropy of 
activation with 0~. The formation of diphenoquinone appeared to be depen- 
dent on the reaction temperature and was almost independent of 01. 
Introduction 
Following the discovery by Hay [l] that copper complexes of amines 
can catalyze the oxidative coupling of 2,6substituted phenols, yielding 
aromatic polyethers, much work has been done to clarify the mechanism of 
the reaction [2] _ Radical formation by the action of the copper catalyst, is 
now accepted [3], but still unexplained is the reason for C-C or C-O coup- 
ling [4 - 6]_ For instance, the conditions favouring C-O coupling for 2,6- 
dimethylphenol result in C-C coupling for 2,6_diphenylphenol and vice 
versa_ [7 - 9]_ 
We studied the oxidative coupling of 2,6-substituted phenols as a model 
reaction for polymer catalysis [lo_ 111 _ Using a soluble, non-crosslinked 
polymer as a polymeric ligand for the copper allows one to study the action 
of the catalyst and the special effects of introducing polymer ligands in a 
catalyst- 
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We found that polystyrene, which had been partially substituted by 
dhnethylaminomethyl groups, yields, at an amino-nitrogen to copper ratio of 
1, a more active ca*&yst for the oxidative coupling of 2,6_dimethylphenol 
than does the copper complex with the low molecular analogue, N,N-di- 
methylbenzylamine (DMSA). Moreover, the-activity of the polymeric ca&kuyst 
appeared to depend on the degree of substitution of the polystyrene. This 
dependence of the rate on the degree of loading of the polymer with cataly- 
tic sites is the subject of the present study. The steady state kinetics of the 








R is the initial rate in mol dmw3 s-l, 
V, the limiting rate for [phenol] 0 = a, 
KS is the Michaelis constant in mol dmd3, 
k2 the rate constant for the e-transfer step in s-l, and 
[Cu-LX] 0 the initial concentration of CuC12 in mol dmw3 (if all the Cu 
is active at the same time)- 
From the temperature dependence of G1 and k2 we calculated the 
thermodynamic parameters of the complex formation and the e-transfer step 
for 4 polymers with different degrees of substitution_ In this study we applied 
both 2,6dimethylphenol and 2,6&phenylphenol as substrates. Under the 
experimental conditions used, the main reaction products were the dipheno- 
quinones 4-(3,5-dimethyl-4-oxo-2,5-cyclohexadien-l-ylidene)-2,6~~ethyl- 
2,5-cyclohexadien-l-one and the corresponding tetraphenyldiphenoquinone 
according to the following reaction scheme: 
L2Cuf%12 + 50 L2Cu I%1 + HCL 
k2 
* LCHCL) + L + C&l + -0 
ZCu’Cl + 2HCL + $0, -) 2d=C12 + H20 








L = tertiary amine ligand_ 
Probably the initial complex, L&u”Clz, is binuclear [ 11 J I 
At present it is not clear whether this binuclear complex remains binuclear 
during the reaction or dissociates into two mononucle,ar complexes. 
Experimental 
Partially dimefhylaminomethylated polystyrenes 
The polystyrene samples used were the commercial product, Dow Styron 
666, and a low molecuIar weight product obtained by precipitation poiyme- 
rization in ethanol_ These poXymers were purified and chemically modified 
as described previously [lo] _ 
At-PS-X was chloromethylated by the method of Galeazzi 1141 using 
500 cm3 of methylal, 280 cm3 of thionylchloride, 50 g of Dow Styron 666 
and 15 g of ZnCIa_ The reaction temperature was 34 “C and the reaction 
time 1 h. The chloromethylation reactions were stopped by adding aqueous 
dioxane and the polymer was precipitated in methanol_ After purification of 
the poiymer by dissoIving in chloroform and precipitating in methanol, i_r_ 
spectra were recorded on a Perk%Elmer 457 infrared spectrophotometer_ 
New peaks showed up at 670 cm-r (C-Cl), 820 and 1265 cm-’ (para-sub- 
stitution)_ There was no indication of ortho- or meta-substitution, which is 
in accordance with the findings of Brown and Nelson 1123 _ The amination 
of chloromethytated polystyrenes was performed in dioxane solution with a 
huge excess of dimethyknnine (30 ~01% in ethanol) at room temperature 
over a period of 1 week. The polymer solution was then poured into an ex- 
cess of methanol or methanol/water. In cases of high degrees of substitution, 
flocculation of the polymer did not occur and NaCl was added_ After filtra- 
tion and drying, the polymer was purified by reprecipitation from chloro- 
form ir methanol and dried over P205 under vacuum_ 
1-r. spectra showed absorption bands of tertiary amines at 2 810,2 760 
and 2 700 cm-‘. whereas the C-Cl absorption at 670 cm-l was absent_ 
Elemental analyses of the samples gave nitrogen contents as listed in Table I_ 
Traces of Zn or CI remained within a few parts per ten thousand_ 
We obtained soluble, noncrosslinked polymers of the type: 





Data of the partially dimethylaminomethylated polystyrenes 
Polymer 
code 
M, N content Degree of substitution 
(wt. %) Q. 
. at-PS-W 180 000 0.47 0.05 
at-E&X 160 000 0.85 0.065 
at-PS-III 20 000 l-23 0x0 
at-PS-IV 20 000 1.52 0.12 
at-PS-VII 180 000 2.21 0.18 
at-PS-V 20 000 4.40 0.39 
2_6_diphenylphenoZ, 2,6&methylphenol, solvents and CuCiz - 2H,O 
2,6diphenylphenoI was kindly provided by Dr_ H_ M, van Dart of 
AK20 Research Laboratories, Arnhem. 2,6dimethyIphenol was purified by 
sublimation. Analytically pure CuC12- 2H20, 1,2_dichlorobenzene, and 
methanol from Merck were used without further purification_ IVJV-dimethyl- 
benzykunin e was from Schuchardt and was at least 98% pure. R was stored 
on moIecuIar sieves. 
Oxidative coupling 
The reactions were carried out in dry 1,2-dichlorobenzene/methanol 
mixtures (S-5 I 1 v/v) at constant temperatures between 15 and 35 OC, 
[CuC&] = 3.3 X 10m3 mol dme3, and an overall ratio N/Cu = 1, unless 
otherwise indicated_ The total reaction volume was aIways 15 ems, and the 
reaction mixture was shaken in a 150 cm3 reaction vessel connected with an 
automatic gas burette for measuring the oxygen consumption at constant 
oxygen pressure of 98 kPa (1 atm). The oxygen consumption rate is a good 
measure of the rate of the e-transfer step in apolar solvents, as was pointed 
out by Tsuchida [13; 15]_ 
Product analysis 
The amount of diphenoquinone was determined by u-v. spectroscopy 
of an ahquot of the reaction mixture at 100% oxygen consumption using 
an Optica CR-4 double-beam spectrophotometer. The relevant extinction 
coefficients are: 
for tetramethyldiphenoquinone: Ed = 61000 dmm3 mol-’ cm-‘, 
and for tetraphenyIdiphenoquinone:e- = 47 500 dmW3 mol-l cm-l, 
Results 
Our previous results showed that the catalytic systems we applied have 
some peculiar properties [ 10,113 _ At the polymer concentrations usually 
used by us, one may consider the co& to be separate, and complex forma- 
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tion between copper and amine ligands results in intrachain crosslmking 
and contraction of the coils. At higher polymer concentrations where the 
coils overlap each other, interchain crosslinking occurs yieiding a gel. 
Because of the high local amine concentration, complex formation 
between copper and amine groups within the coils is almost complete. So, 
at an overall ratio N/C% = 1 we have about 50% ‘unbound’ copper in solu- 
tion and 50% copper in active complexes, with N/Cu = 2, within the coils 
[ll] _ This system was catalytically most active [lo] and was chosen for 
the present study, 
In Fig. 1 is plotted the stationary oxygen consumption rate as a func- 
tion of the degree of substitution, 01, of polystyrenes for both substrates at 
N/Cu = 1. The rate increases with 0: and levels off at oc = 0_3_ As the concen- 
trations of all the reactants are constant, we obtain a higher rate simply by 
concentrating the catalytic sites in a smaller number of polymeric domains_ 
This effect was investigated further by varying the phenol concentration 
and the reaction temperature_ 
Fig_ l_ The stationary oxygen consumption rate as a function of the degree of suhstitu- 
tion, (Y, pf polystyrene- 0.2.6dimethyiphenol; l ,2,6_diphenylphenol_ Temp., 25 W; 
[CM&] = 3.3 x lop3 mol dmm3; [phenol] = 5.98 X lo-* mol dm-a; solvent, 1,2di- 
chlorobenzene/methanol(6_5:1 v/v)_ 
For each Q, the dependence of the rate on the phenol concentration has 
been measured at 5 different temperatures between 15 and 35 “C. By plot- 
ting the reciprocal initial rates against the reciprocal substrate concentration 
according to eqn_ (l), we constructed Lineweaver-Burk plots for each poly- 
meric catalyst at different temperatures_ Figure 2 shows such a graph for one 
polymeric catalyst, and 2,64iphenylphenol as substrate_ This whole program 
has also been carried out for 2,6climethylphenol_ For comparison, the low 
molecular analogue DMBA was also used as a ligand. but with N/Cu = 2, 
336 
0 10 20 
IOPPI_’ cm3 Inor-‘, 
Fig. 2_ Lineweaver-Burk plot for the oxidation of Z,f?diphenylphenol catalyzed by a 
copper compIex of partially dimethylaminomethylated polyst rene at 5 different tem- 
peratures_ Degree of substitution = 12%; [CUCI~] = 3.3 x 
-3 10 mol dmM3; N/Cu = 1; 
solvent, 1,2-dichlorobenzene/metbanol (6.5~1 v/v)_ 
since NjCu = 1 produced a very low rate independent of the phenol concen- 
tration_ The intercepts and the slopes of the lines were calculated with a 
Hewlet-Packard-25 ca.lcuIator, using a linear least-square-fit program_ From 
the intercepti, l/V,, we calculated k2 according to eqns. (1) and (2). The 
slopes KS/V, ahowed calculation of the Michaelis constants, KS_ 
From the temperature dependence of Kg’ and k2 we derived the ther- 
modynamic parameters of KT1 and the e-transfer step in the catalytic cycle 
for each polymeric catalyst, The values are shown in Tables 2 end 3 for the 
oxidative coupling of 2,6_diphenylphenol and 2,6climethylphenol, respec- 
tively_ 
Product pnalysis 
For each phenol we measured the diphenoquinone formation at two 
temperatures after 100% oxygen uptake_ The results are shown in Table 4. 
It is obvious that both C-C and CO ccupling occurred in most cases. As 
previously published by others for low molecular ligands [9], here, too, the 
tendency for CC couphng decreases for 2,6_dimethylphenol on lowering the 
temperature, whereas it increases for 2,6_diphenylphenol. It is also seen from 
Table 4 that the degree of substitution, Q, of the polymeric ligands hardly af- 
fects the fraction of C-C coupling_ 
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TABLE 2 
Thermodynamic parameters at 25 “C of h2 and Kc’ for the oxidativc coupling or 2,6- 
diphenylphenoi catalyzed by copper complexes of different aminated polystyrcnes at 
N/Cu = 1 . 
a k2x lo3 K,-’ A4 4 iw: -4-s 
W! (s-1) (dm3 (kJ mol-I) (J K-l (kJ mol-‘) (J K-’ 
mol-I) mol-‘) mol-‘) 
5 2 4-2 35.6 129.7 27.2 -209 
12 7 3-l 13-S 54-4 43-9 -138 
18 19 l-5 -22.6 - 73.2 73.2 - 33 
39 32 0.8 -28.9 - 97-l 86.6 f 21 
TABLE 3 
Thermodynamic parameters at 25 “C of k2 and Kg’ for the oxidative coupling of 2,6- 
dimethylphenol catalyzed by copper complexes of different aminated polystyrenes - 
and N.IV-dimethylbenzylamine at N/Cu = 1 (2 for DMBA) 
Q! k2 x lo3 Kc1 AH, 4% AH : AS; 
(%) (s-l) (dm3 (kJ mol-‘) (J K-’ (kJ mol-I) (.I K-l 
mol-l) mol-‘) mot-‘) 
6.5 3.1 11-4 31-O 121.3 IO-5 -259-4 
10.3 12.6 4.5 24.9 96.2 25.9 -196.6 
18 39.5 l-7 8-8 33-5 36-4 -150-6 
39 88-3 l-1 4-2 16-7 51-9 - 96-2 
DM- 2.5 32.3 26.1 114.2 20.1 -228.1 
BA 
TABLE 4 
The amount of diphenoquinone, formed by copper complexes of partially dimethylamino- 
methylated polystyrenes during oxidation of 2,6dimethylphenoi and 2,6-diphenplphenoi 
after 100% oxygen uptake 
Solvent 1,2_dichIorobenzene/methanol (6.5~1 v/v), [CUCI~], = 3.3 x 10U3 mol drn--a, 
Cphenol I (, = 5.98 x 10e2 moi dme3 and N/Cu = l_ 
Phenol T(K) a(%) Diphenoquinone (%) 
2,GDimethylphenol 288 6.5 34.0 
288 39-3 36.3 
308 6.5 65-6 
308 39-3 68.9 
2,6-Diphenylphcnol 293 12.0 100 
293 39.3 100 
308 X2.0 7 2-o 
_ 308 39-3 24-O 
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Discussion 
The rate constant k2 
From Tables 2 and 3, it follows that k2 as well as AH: increase by 
using polymeric ligands with a higher degree of substitution, a_ So, the rea- 
son for the increase of k2 with increasing Q is the over-compensating effect 
of the increasing activation entropy, AS: _ This was found for each of the 
phenols which we used, 
We shall first discuss the possible reason for this increasing AS;. During 
the activation of the copper-substrate complex one must consider those parts 
of the polymer chain situated between amine ligands in the same complex. 
The activation of the complex can be considered to involve a primary de- 
formation of the copper compIex, as required for subsequent e-transfer by 
the Franck-Condon principle [ 131; in this case, probably a deformation into 
a configuration which resembles, more or less, a tetrahedron_ The activation 
entropy of this process should be dependent on the degree of substitution, CY, 
of the polymer if one considers that parts of the polymer chain must take up 
some definite conformation to attain this specific configuration around the 
copper ion_ Xt seems reasonable to suppose that the entropy of a polymeric 
complex decreases with decreasing chain length, i.e., with increasing degree 
of substitution_ This leads to a smaller loss of entropy during activation and 
explains the increase of AS; with (Y, as demonstrated in Tables 2 and 3. The 
activation energy necessary for the above-mentioned deformation appeared 
to increase with increasing degree of substitution_ From Table 3 we see that 
AH; for the catalyst with the low molecular ligand, DMBA, is about the 
same as for polymeric catalysts with low vaIues of Q_ By increasing a we in- 
troduce more intra.moIecuIar crosslinks into the polymer coils, which means 
that the crosslink density increases. From the rubber elasticity theory it is 
known that the force required to deform a polymer network increases with 
increasing crosslink density_ Thus, the work necessary to attain a suitable 
deformation for e-transfer will also increase, which implies an increase of the 
activation enthalpy AH;. 
It is clear from the foregoing that the polymer chains should not be 
considered as inert species in this type of cataIyst_ Therefore, the attach- 
ment of metal complexes to polymer Iigands must lead to changed properties 
of the complexes. 
The Mi&aelis constant K, 
From results such as those in Fig. 2, it is obvious that the kinetics of 
our cataIytic reaction can be described by the simpIe form of the Michaelis- 
Menten kinetic scheme. Then K,, known as the Michaelis constant, is some 
reciprocal measure for the affinity of the catalyst for the corresponding 
substrate: 
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K, represents the equilibrium con&u& for the dissociation of the catalyst- 
substrate complex only if k2 is much smaller than k_,, as was pointed out by 
Tsuchida ef al_ [13] _ Only in that case do the calculated values of AS, and 
AH, for r(,’ equal the changes in entropy, AS,, and enthalpy, AHe, for co- 
ordination of the phenols to the copper complex. However, by comparing all 
values in Tables 2 and 3 we noted that the sums of AH, and AHZ and of AS, 
and AS: remain nearly constant for all the polymeric catalysts tested. This 
fact can only be explained by assuming that k2 cannot be negIected in eqn. 
(3) for K, _ Therefore, we derived the relationships between AH, and AH;, 
and between AS, and AS: D starting from eqn_ (3): 




k_l + k2 k.el + k2 
AH; 
or 
AH, +BAH; = AH, +-pAH?, (5) 
with 
F ps -2 
k-, + k2 
(0 < /I < 1) and AHe = AH; -AH?,. 
Using the transition state theory, a similar relationship can be derived 
for the entropies from eqn. (4): 
AS, + fiAS; 
kz 
= AS, i- pAS?, +BR In - 
k-1 
-Rh(,t$)- 
The difference between the last two terms approaches zero for p + 0 or P + 1 
and reaches an extreme value of -6 Joule K-l mol-’ for p = O-5, when k2 = 
k_,_ This value can be neglected in respect of the values of AS, and AS;, and 
the resulting eqn_ (6) for the entropies becomes analogous to eqn. (5) for the 
enthalpies : 
AS, +pAS$ = AS, + pAS:,_ (6) 
From eqns. (4) - (6) it is evident that the experimental values of AHs 
and AS, are composites of the different enthalpy and entropy changes re- 
lating to the rate constants in eqn. (3) for K,_ Moreover, it is clear that the 
values of AH, and AS, are determined by AH; and AS.$ _ Consequently, the 
positive values of AS, found may be due to the strongly negative A$, and 
do not necessarily mean that the binuclear copper complex dissociates on 
entering the substrate_ 
Conclusions 
From our results it is obvious that a polymeric ligand can play an active 
role in the catalysis of the oxidative coupling of phenols. The copper ion, 
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which is anchored to the polymer by at least two ligand groups, ‘feels’ the 
polymer chain situated between these Iigand groups. This finds expression 
in the activation of the copper substrate complex. The activation entropy 
increases with increasing degree of substitution of the polymeric ligand be- 
cause of a more favourable configuration of the complex for e-transfer, but, 
at the same time, the activation enthalpy increases, since it will require more 
work to deform a polymer chain bearing more crosslinks. 
It will be evident, from the derived eqns_ (5) and (6) for AE& and AS,, 
that conclusions concerning the coordination step of phenols to the copper- 
polymer complex cannot be drawn as long as separate values of k-l or kl 
are not known. 
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